_' 1111111111111111111111111 Flexible M croprocessor Register File BACKGROUND

AND SUMVARY The present application relates to progranmable circuits,
and_ nore particularly to I/0 circuitry with selectable data reordering for
gr aphi cs. A vector processor or array processor is alm’u‘ﬂiﬂmm‘“m hat
Is able to run mat hematical operations on nultiple data el

simul taneously. A serial vector is a sequence of data held in.ggsSters
that are processed by the sane instruction. For exanple, a single
i nstruction may cause four registers to be added to anot her four and the

result witt t - . e dat a
itens wthi mMM!éﬂaﬁﬁﬁéﬁm&gﬂgﬁrm ction
applied to it. Vector processing inproves code density and all ows

optim zations that inprovg EROBRPEAND SUMMARY™ON probl em suffered by
vector processors is the n‘éﬁ'ﬁm—o'r'g'a'm'z'e—d%ra'mm the register file
such that the Sheepteseitr applicatiomeseldoes appprogrinimatde Seircuits, ahd r mgrest er s.
Regi ster files generally only al lc:I)W | mul t anepus :?\ccess .to a set of values
al i gned al Bagcelapyiq VO amguitey;widkselestablg data reopdesng for graphicss t he vector.
Accordingly, a single instruction can access nultiple values for a

hori zontal operation, but vertical operation requires either transposing
the array bei ndA spatonpredessor peafray procgsssesaa &P destgsthabseabdd tonm f or each

value in a different row It is_ c n to spend several jnstructions
r e- arrangi Hbaﬂlfg%a&";\d’pﬁﬁﬂ%“? pn Eﬁ‘iltfpj%afe_iﬁne\?gscﬁ"aﬁﬁ\e@é&s‘%‘ ﬁ%f‘ﬁé#_aﬁ%i s
overhead mhy; elijerdefoft difta RARGH irégisters tHai 0 pRoc¥REY 8 the same inmydtRy, of these

limtations, nore efficient architectures and meth for perform ng
transpose &odexaniple, asinglg insnicpon ataly wagseafiogr thgsstersth be addedetanathet her

probl em ari.ses n_a programingtnuction,i ndirectl esses ,a, register.
M cr opr oce&‘ﬂ'r*’é1 c ?nr?sBﬁ ‘ﬁ&%ed&n%?mﬁﬁgglg' mg&igggﬁﬁfcﬂﬁégv%ﬂc%e of
pi pel i ni g jtefm@WAthimnhe 'sk@k képistereich dfevindlaldserk saiid ihstiddon aglRHes itf r om whi ch

they will read has been witten to by another instruction. Scoreboarding
stal |l s t heMectpr processing improves code density and allows optimizations that improve

performance.

A common problem suffered by vector processors is the need to organize
data within the register file such that the same instruction may be applied to a
series of registers. Register files generally only allow simultaneous access to a set
of values aligned along a particular direction, i.e., along a row of the vector.
Accbrdingly, a single instruction can access multiple values for a horizontal
operation, but vertical operation requires either transposing the array being
operated or performing separate access operations for each value in a different row.
It is common to spend several instructions re-arranging data to make it suitable for
vector processing and this overhead may obviate the benefits of using a vector.

In view of these limitations, more efficient architectures and methods for
performing transpose and other array manipulations are desired.

Yet another problem arises when a program instruction indirectly accesses a
register. Microprocessors control programs’ access to register files. Because of
pipelining, some instructions must be stalled until the register from which they will

read has been written to by another instruction. Scoreboarding stalls these
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1111111111211112111111111111111111111 __ *@00002* instructions, so the
program need not manage stalling. Stall condition is usually applied early
i.n the execution pipeline. However, if a register is to be accessed
indirectly by a programinstruction, the register may not be known until it
is too late--until after the stall condition would normally have al ready
been applied. Wthout blowing the register at that earlier tine, it is
difficult to apply stall conditions for instructions that use indirect
access. The inventions disclosed in the present application provide
mechani snms to handl e indirect register access w thout additional

scor eboardi ng hardware, and can be further used to build a flexible FIFO
access nmechanism Flexible Register File 1/O Architecture The present
appl i cati gRsflichiehSRSthe fr8gkant Réed hétembﬁ'iggt $AMhBUStafofnditignAls @ally Whi ch a
variety of data transpositions are avail able at m ni num power. Power is
conser ved dpplied eanly ny the gkeution tpopelingi Soaveventifi atnegistel ds 30 beraccessed t he
sequencer .provides executabl e m croinstructions whjch inply a variety of
Snar ent | ARSI e b POHBRASIEPTS HIE THRISETCRAAG! S KIPWROWEL ihindeRsar y
physi cal - tip@nahar snef atALall conditioffWoRKE néfrialPhedk SERRR) BELH Spptidyi de new
ways for mcroprocessor register-files to be dccessible,” in nultiple
formats i nWithdetr khowingdtheeregiseernatnthat eafliep rtimye, it 15 rdiffioudtt tooapplyestall r ed
during byte, word _and | ong word da\tgi reformatting. The discl osed

i nnovat i orf@nditiens £or IpstRuctens tahse 18dirgGt 36¢e8& one or nore of at |east the

fol I ow ng advaf,ag&sentions disclosed in the present application provide mechanisms to
handle indirect register access without additional scoreboarding hardware, and can

be further used to build a flexible FIFO access mechanism.



Vari ety of data rearrangenents; M ninmal power consunption; Easy
accomhodati on to speci al data reordering for digital signal processing
operations; Suitability to custom zed access to data with two-di nensi onal
structure; Suitability to custom zed access to data with nultidi nensi onal
structure. BRI EF DESCRI PTI ON OF THE DRAW NGS The di scl osed
iI'nventions wll be described with reference to the acconpanyi ng draw ngs,
whi ch show i nportant sanpl e ermbodi nents of the invention and which are

i ncorporated in the specification hereof by reference, wherein: Fi gure
1 shows how four consecutive registers are viewed with byte-transpose
enabl ed. Each row in the diagramrepresents one register as viewed by a
program When Byte-Transpose is enabled, the register file is effectively

rot at ed O, contains all the | owbytes of the four
regi ster 1 second- bytes of the four registers,
and so on.

The present application discloses a register file input/output configuration in
which a variety of data transpositions are available at minimum power. Power is
conserved by avoiding register-to-register data transfers; instead, the sequencer
provides executable microinstructions which imply a variety of apparent data
formats (as seen by the data channel), without unnecessary physical transfers of
data.

Various disclosed embodiments provide new ways for microprocessor
regiSter—ﬁles to be accessible, in multiple formats in order to reduce the number of
program instructions required during byte, word and long word data reformatting.
The disclosed innovations, in various embodiments, provide one or more of at least
the following advantages:

e Variety of data rearrangements;

e Minimal power consumption;

e Easy accommodation to special data reordering for digital signal processing
operations;

o Suitability to customized access to data with two-dimensional structure;

o Suitability to customized access to data with multidimensional structure.



Figure 2 shows how two consecutive registers are viewed with word-transpose
enabl ed. Each row in the diagramrepresents one register as viewed by a
program Wen Wrd-Transpose is enabled, the register file is effectively
rotated by 90, so that Register 0 contains all the |owwords of the two
regi sters, register 1 contains all the high-words of the two registers
Figure 3 shows the data in register 0 being byte swapped in two different
ways. The first is a full (DCBA) -byte-swap, in which the original
dat a- bytes are swapped within the entire 32-bit word, and the second shows
a BADC byt e-swap taking place, which swaps the bytes within each word.
Figures 5a-5g are a set of related draw ngs. Figure 5a shows a sanple
hardware regi ster COgRIBR'DESCRIPTIONOFTHREDRAWEIES i S separated into
mul tiple nultiport RAVE, each having nultlplexers connected to each of its
data | anes. Flhpr disclosedsgnyérdiondi f“flgr bat desartbed ofitho prsferenasn tof thei s
regi ster: Figure.5b shows the.routing.needed for . a 32-hit rd. at address O
wi t hout tarc‘é‘?ig%’é'ér}g @‘ﬁ’tngs’S(‘f"?%‘wo\ﬁéonoﬂPP oﬁm@&ﬁreégzgob(ilmﬁﬁwgh%?]‘ﬁ r anspose;
Figure 5 t hRg: ¥ i R2hdH f l,ght bit
' transposg?é%ﬁgﬁr%ﬂgghﬁoﬁ% }nﬁgﬁ@%ﬁ% t?é;(r%p%éﬁgé;gleo?o}rl\%b%gb irtegé?%r?egn ei ght
bit transgesean: Fi gure 5f shows the routing for address O with a 16-bit
transpose, in_this sanple inplenmentation; and Figure 5g sho outing for
address 1 wit Figureel shows rhavs feute copsecutive regisigrse arenieavednwathi Byfe- DETAI LED

DESCRI PTI.ON PR I : i lhye. t eachi ngs
of the prtﬁaglé?l Sesz %ﬁ?@zﬁg EB/\% Itp(%g% ?&asl% f ?pgg%ﬁ%%gf#fef & g P%\rwe?e%'ear ence to
t he preseqibgmam) Vehen Bad-Tahpdsdienabled, theyegiiterckliaipeffectively rotitedby

limtati Ol’(l)). Transposabl e Register-File Operation ) )
90°, so that Register 0 contains all the low-bytes of the four registers, register 1

contains all the second-bytes of the four registers, and so on.

Figure 2 shows how two consecutive registers are viewed with word-
transpose enabled. Each row in the diagram represents one register as viewed by a
program. When Word-Transpose is enabled, the register file is effectively rotated
by 90°, so that Register 0 contains all the low-words of the two registers, register 1
contains all the high-words of the two registers

Figure 3 shows the data in register 0 being byte swapped in two different
ways. The first is a full (DCBA) byte-swap, in which the original data-bytes are
swapped within the entire 32-bit word, and the second shows a BADC byte-swap
taking place, which swaps the bytes within each word.

Figures 5a-5g are a set of related drawings. Figure 5a shows a sample
hardware register configuration, in which the register is separated into multiple
multiport RAMs, each having multiplexers connected to each of its data lanes.
Figures 5b-5g show different states of operation of this register: Figure Sb shows
the routing needed for a 32-bit word at address 0 without transpose; Figure Sc
shows routing for address 1 without transpose; Figure 5d shows the routing
needed for the first 32 bits of an eight bit transpose; Figure Se shows the routing

for the second 32 bits of an eight bit transpose; Figure 5f shows the routing for
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The transposabl e register-file is a novel mcroprocessor register-file data
organi zati on schenme whi ch overcones many of the di sadvant ages of

traditional data organization in mcroprocessor register-file, and which
has the benefits of allowing a mcroprocessor register-file to be viewed in
multiple formats with a reduction of the nunmber of programinstructions
~r'equired during byte, word and long word data reformatting. The preferred
enbodi ment supports both byte-transpose and word-transpose. Byte-Transpose
Regi ster File Figure 1 shows how four consecutive registers are viewd
w th byte-transpose enabled. Wth reference to Figure 1, left hand side
(110) illustrates.tho regi sters .before transpose:enabl ed d right hand
St e, (12030es (Lt R 1ot Fangss Jf TR srbls fapenealin. v RignreE each 't ow
in Figur e t 8,0 i 6t €Fhas, Vi €xu og FaL st ance,
bottom rgsvhv%yflws)m %ég?g?ﬁgsgofbg?tgrza trgél\?gog%ang%%%r eglér‘ghsc% r gst er in
turn i s camanestatdén.f our bytes with the left nost (for instance Ga) being
the | owest byte and the right nost (for instance Qd) being the highest

byte. When byte-transpose is enabled, the register file is effectively
rotated by 90, so that Register 0 (121) contains all the | owbytes of the
four registers, Register 1 (122) contains all the second-bytes of the four
regi sters, and so on. Wrd-Transpose Register File Wrd-transpose is
simlar to byte-transpose, except that the register data is rotated on a
per word basis instead of per byte basis. Figure 2 shows how two
consecutive registers are viewed with word-transpose enabled. Wth
reference to Figure 2, left hand side (210) illustrates those registers
before transpose enabled and right hand side (220) illustrates the sane
regi sters after transpose enabled. Each row in Figure 2 represents one

regi ster as viewed by a program For instance, bottomrow (111) shows

Regi ster 0 before transpose enabl ed. Each register in turn is conposed of
two words with the left nost (for instance Oa) being the | ow word and the
right nost (for instance Ob) being the high word. Wien word-transpose is
enabl ed, the register file is effectively rotated by 90, so that Register 0O
(221) contains all the lowwords of the four registers, Register 1 (222)
contains all the high-words of the two registers. Register-File

Byt e- Mappi ng and Byt e- Maski ng The register-file byte-nmappi ng and

byt e- maski ng functions add further flexibility to the novel m croprocessor
register-file data organi zati on schene. This feature of the discl osed
inventions allows a programto arbitrarily reorganize the bytes within a
regi ster and has the benefits of further reduction of the nunber of program
instructions required during byte, word and |l ong word data refornmatting.
-Regi ster-Fil e Byte-Mppi ng



Byte-Mapping allows a programto arbitrarily reorganize the bytes within a
register in order to isolate, or group, interesting sub-conponents when
reading from or witing to the register-file. Figure 3 shows two exanpl es
of byte-mapping on a register. Wth reference to Figure 3, left hand side
(310) illustrates those registers before byte-mapping and right hand side
(320) illustrates the same registers after byte-nmapping. Each row in
Figure 3 represents one register as viewed by a program For instance, _
bottomrow (311) shows the Register before byte-mapping. Each register in
turn is conposed of four bytes with the left nost (for instance Oa) being
the | owest _byte and the right nost (for ) _bei ng t he hi ghest
byte. WWBETAILEDBESCRIFTION OIHBRE Fi DA DEMENTS he ori gina
dat a- bytes are swapped within the entire,32-bit word, .and the _bytes in
regi ster (31%he grumerewsy danavative égaogy{géSOf ¢ yFssnbrapplisation walk ey

byt e- mapgi f ' i gl nal -hytes are
swapped c\%k%eﬁ “e’@?ﬁgv%lrl@},/}egﬁ ﬁ?ﬁ?lted %ﬁ) 2% Q{ltﬁ?ﬁpreeg%]g?&éérdl?@%eng@g%f or gani zed
as byt esofieRample] atdfiot(of 2idnitatioayi st er - Fi | e Byt e- Maski ng The preferred

enbodi ment supports both byte-mappi ng and byt e-nmasking. Register-file byte
maski ng i s another novel m croprocessor register-file data organi zation

schene t']'lpgn@m'%gRggtmo[?“@\@?ermohyt es that are nodified by an

instructton rn order to accelerate I1nsertion of data into existing

register. Th I i a.b (o] r rands and
g ThEBAGHTLGRY e BREFIIY iF POVl TRRborhObAedOfoghOUIRE 0

destination oOperan mask I's speci our ce oper ands,
parts oforgafiggiont sshem@ywhiehfokeamehdsanamyr of te dispddantageaofitiigitional i on. \Wen
byte mask is specified for destination operands, the result of an

i nst r uctdat OEANIZ8HONIN tMISFORTOCYSSATL @g@feréﬁae@td maugho hag ghei bengfits phdi rect
Regi st er_,Access - The irndi rsgcr'g fe gi setgrewagoess Riﬁf Ehe enetﬁli ts of
providin O At ?%r&:%sgérreﬂ s% Wi tlhou’t aadM PENENC L&ABIRELHYA (ﬂng

har dwar eredidtioR! SFVhe &RimibeP of YiREsraR insitedtions rk@iifed Quithg’ Byte ¥t gndlat a from
one register to another register, and another for synchronization. The
i nst ructlong waerdndata freformettingg dBhe psgfemed iembodiment uppotts othabeeet ers: a
regi ster_that hol,ds the source data, a register that holds either the

dest i nat‘ir%ﬁp?sﬁd’lngt‘%qrd'g?’"ﬂ’@ei ndex of the destination register, and
optionally a count of the nunber of registers to transfer. If the
destinati on Bygd-Trsispo epiatelr|Biler ef erenced in the instruction, those

regi sters di Vel erenceosl o i ructy re.scor eboarded when the
i nstruction ﬁﬁ%e%u@g% %y@?,ctoﬁgecgﬁgé Jgé%éegg;tafeoﬁ'er“ée@i ?’t’@r Bﬂg' not

di r ect| yraiepedecenabidd] Withiteferéife to Figure 1, 1Tl d Sidd @1 0) Hlusistes ioké ¥
referenced in the instruction are not scoreboarded when the instruction is

execut edregisters Pefone diansnose ¢nabled apd gight hang sidetfd 20)s dlustrates tkasame hat t he

data in ;[eglesterrse gﬁésrtt?atnsbgs%' ern%Bfeldy E%%ﬁ ?3&'%’ #igulgeof ?eep%s'ents one re'gister as

viewed by a program. For instance, bottom row 211 shows Register 0 before
transpose enabled. Each register in turn is composed of four bytes with the left
most (for instance 0a) being the lowest byte and the right most (for instance 0d)
being the highest byte. When byte-transpose is enabled, the register file is
effectively rotated by 90°, so that Register 0 (121) contains all the low-bytes of the
four registers, Register 1 (122) contains all the second-bytes of the four registers,

and so on.



In a typical use of this invention, a programmer uses a nunber of registers
as sciatchpad nenory. Data is Ioaded into the scratchpad. If there is a
switch froma direct to indirect access of register or vice versa, a
synchroni zation instruction is issued to calculate an index into the
scratchpad and the contents of the register at that index are copied into a
Known register. At this point all processing elenents nay use the sane

i nstruction to process data at the sanme regi ster index. Wen the
calculation is conplete, the result nay be copi ed back to the scratchpad
and anot her synchroni zation instruction is issued to cal cul ate the index.

| mpl enent at i g ardwar g _pPata =t FO in Register-File The provi sion of
har dwar e dat o=t e Eeroprocessor register-file uses simlar ideas of
indirect r eg“élfé*rﬁmentwss sitilar fonbydo-dransRoseeexeapt that the Fegigierdatariad

enmbodi nent ets aside nunber ters fr t he Ccro roc ssor

regi st eFOHandZOIP G P]IHRO l%f'lﬁteﬁa of B%d %Fck?ﬁﬁegm%{"ﬁe% ”h‘m‘@ %ovi ng
data in I | kal | y out
of the EPRIRELFS E%‘ﬁ“"wé“sa‘?ﬁ‘?é‘?;"J“m%‘“aﬁéﬁ’rﬁ“%%?%c32‘2‘8?4@‘;?@%52‘ he

benefi t Figare 2Plefl hampsite €2 F)HQustrates ¢hase aegistens befeg: tarspobe Ieaalahdi ows those

registers to be re-used_as nornal htggl sters when the FIFO is iqdneeded
The i nvandi Behtahand,side {22Q) Hiusgates BE spme ’(%Fﬁﬂerﬁ HRETEE STAnspRse

| r ociEash gt Fkwte hERRITG Pt o8 VO B 8o FinSBhes Exanpi
of use Qicgtt-Bhﬁfb‘iR%Eilgg%ﬂgw@Kc@mbélﬁre trafipo§é eﬁﬁﬂ@d IEacRiré dﬁﬁeﬁi@ﬁﬁ‘ﬂ' i n what

is calle 88 format, in which each pixel is nm
green, s composed of twawondswith the Jefemobt ((fbr fhstante Oa)Abd:mg dhe lmm mmdent s are

acked into one,  32- bi rd for c
P and the right most {for\!\?nstance 0Ob) gem g?l wordc| \i}? 1en word -transpose is

enabled, the register file is effectively rotated by 90°, so that Register 0 (221)
contains all the low-words of the four registers, Register 1 (222) contains all the

high-words of the two registers.

Register-File Byte-Mapping and Byte-Masking

The register-file byte-mapping and byte-masking functions add further
flexibility to the novel microprocessor register-file data organization scheme. This
feature of the disclosed inventions allows a program to arbitrarily reorganize the
bytes within a register and has the benefits of further reduction of the number of
program instructions required during byte, word and long word data reformatting.

-Register-File Byte-Mapni

Byte-Mapping allows a program to arbitrarily reorganize the bytes within a
register in order to isolate, or group, interesting sub-components when reading
from, or writing to the register-file.  Figure 3 shows two examples of byte-
mapping on a register. With reference to Figure 3, left hand side (310) illustrates
those registers before byte-mapping and right hand side (320) illustrates the same



I n common al gorithms such as bl ending the al pha conponent is used to nodify
the col or conponents as foll ows: dstR = (srcR * srcA) + dstR dstG = (srcG

registers after byte-mapping. Each row in Figure 3 represents one regiéter as
viewed by a program. For instance, bottom row (311) shows the Register before
bytc-mapping. Each rcgister in turn is composed of four bytes with the Icft most
(for instance 0a) being the lowest byte and the right most (for instance Ob) being
the highest byte. When a byte-mapping of full (DCBA) byte swap is enabled, the
original data-bytes are swapped within the entire 32-bit word, and the bytes in
register (312) are reorganized as bytes in register (322). When a byte-mapping of
(BADC) byte swap is enabled, the original data-bytes are swapped within each
word, and the bytes in register (311) are reorganized as bytes in register (321).

Register-File Bvte-Masking

The preferred embodiment supports both byte-mapping and byte-masking.
Register-file byte masking is another novel microprocessor register-file data
organization scheme that provides control over the bytes that are modified by an
instruction in order to accelerate insertion of data into existing register. The
program may specify a byte-mask both for source operands and destination
operands. When byte-mask is specified for source operands, parts of a register may
be forced to zero on input to an instruction. When byte mask is specified for

destination operands, the result of an instruction can be written to parts of a

destination register.

ndir ister
The indirect register access has the benefits of providing indirect register

access without additional scoreboarding hardware. It provides two types of

instructions: one for moving data from one register to another register, and another

for synchronization.



* SrcA) + dstG dstB = (srcB * srcA) +

The instruction format for moving data specifies the following parameters: a
register that holds the source data, a register that holds either the destination
régistcr or the index of the destination register, and optiohally a count of the
number of registers to transfer. If the destination register is directly referenced in
the instruction, those registers directly referenced in the instruction are
scoreboarded when the instruction is executed. However, if the destination register
is not directly referenced in the instruction, those registers indirectly referenced in
the instruction are not scoreboarded when the instruction is executed and
synchronization instruction will be used to ensure that the data in the register
indirectly accessed is correct.

In a typical use of this invention, a programmer uses a number of registers as
scratchpad memory. Data is loaded into the scratchpad. If there is a switch from a
direct to indirect access of register or vice versa, a synchronization instruction is
issued to calculate an index into the scratchpad and the contents of the register at
that index are copied into a known register. At this point all processing elements
may use the same instruction to process data at the same register index. When the
calculation is complete, the result may be copied back to the scratchpad and

another synchronization instruction is issued to calculate the index.



dstB Sanple assenbler code for this algorithmis: nul tnp[0], src[O],
src[3] mul tnp[1], src[l], src[3] mul tnp[2], src[2), src[3] add dst[O],
tnmp[ 0], dst[0] add dst[1l], tnp[1l], dst[1l) add dst[2], tnp[2], dst[2] Were
the syntax is instruction, destination, source A source B. The array
indices refer to the byte position in the pixel. The code may be reduced
IT a parallel vector is used, but the al pha conponent nust be repeated in
each byte of a - 32-bit register. This can be done using a byte swap node:

set byte swap node for srcB to DDDD nul tnp, src, src reset byte swap - -node
for srcB to ABCD add dst, dst, tnp ' o

The .provision of hardware data FIFO in microprocessor register-file uses
similar ideas of indirect register access. This innovative feature, in the preferred
embodiment, sets aside a number of registers from the microprocessor register-file
for the FIFO storage, and provides a mechanism for moving data into the FIFO,
from another source, and for moving data serially out of the FIFO into other
registers within the microprocessor. It has the benefits of:

¢ Building the FIFO in the processor register file allows those registers to be
re-used as normal registers when the FIFO is not needed.

e The invention allows the size of the FIFO (and thereby the number of
reserved registers) to be changed under program control.

o It solved the indirect access problem in a hardware register FIFO

implementation.

Example of use of Transpose and Byte-Mapping
Pixel data is often stored in what is called the RGBAS8888 format, in which each

pixel is made up of red, green, blue, and alpha components, each of 8 bits. All four
components are packed into one 32-bit word for convenience of display.
In common algorithms such as blending the alpha component is used to modify

the color components as follows:

dstR = (srcR * srcA) + dstR
dstG = (srcG * srcA) + dstG
dstB = (srcB * srcA) + dstB
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Note that this code only produces 3 bytes of results even though the
registers hold 4 bytes. If 4 pixels are processed as a serial vector this
inefficiency can be renoved: transpose srcA transpose srcB vector _ 3 _mul
tnp, src, src transpose dst vector 3 add dst, dst, tnmp _ _ Transposi ng
srcA causes all the red conponents to be in one register, all the green in
another, and all the blue in a third. Transposing srcB causes all the al pha
conponents to be in one register. Vector instruction of |length three cause
four pixels to be processed in 3 instructions (the stride of the srcB
vector nust be zero to use the sane al pha value for each conponent).

Sample assembler code for this algorithm is:
mul tmp{0], src[0], src[3]
mul tmp(l], src(l], src[3]
mul tmp{2], src[2], src{3]
add dst[0], tmp(0), dst(O]
add dst(1], tmp([1l], dst[l]
add dst(2), tmp[2], dst[2]

Where the syntax is instruction, destination, source A, source B. The array indices
refer to the byte position in the pixel.

The code may be reduced if a parallel vector is used, but the alpha component
must be repeated in each byte of a 32-bit register. This can be done using a byte
swap mode:

set byte swap mode for srcB to DDDD
mul tmp, src, src

reset‘byte swap mode for srCB to ABCD
add dst, dst, tmp

Note that this code only produces 3 bytes of results even though the registers
hold 4 bytes. If 4 pixels are processed as a serial vector this inefficiency can be
removed:

transpose SrcA

transpose srcB
vector_3 mul tmp, src, src
transpose dst

vector 3_add dst, dst, tmp

11



Register File Inplenentation Details of a sanple inplenentation wll
now be described. In this inplenentation, the register file is used for all .
storage within the processing el enment and hol ds a generous 256 registers,
each 32-bits wide. The registers are perhaps nore inportant to overall
system performance than the ALU because they control the novenent of data,
and a SIMD array typically has high conpute performance relative to data
bandw dth. The register file can be | arge because it absorbs a nunber of
FIFOs that would normal ly be needed to feed the ALU. All registers are
preferably scoreboarded, so any instruction that attenpts to read a
register that has a wite scheduled for it will stall until the wite

conpl etes. Parallel Vectors To make good use of the ALU, several data
| tems may bﬁaﬁﬁi&%ﬁ% $PH a8 PSR conlptshefts oY inVeh& registeR Wl frebi t i tens
at atime, or two I6-bit i1tenms, but the operation is always the same. This
i s sim| greenanvanother, aml allithet bloosn adimdd.\iFransposing srbB canses alltthmalphadat a i s
held in a register it js referred to as,a

Par. all el vector (é)vec as opposed
to svec [COMPPRERSIQ ke oRe deaiTEl Hesten !’?F.‘CWEGE l%h Bg‘i'?gt ayse fHWnance | f
It is no(t)o#e??toegg Rebyedtift 39%%%@0?8 :Sfrﬁe%n‘?tﬂi 3@&%%%3 kot ﬂ{u@PE? zZero q An

exanpl e using pvecs I's to pl xel s of red, green, ue, an

al pha, angusethersame alptanvatuwcior eheli comyporieat)components are in the sanme

regi ster (so grouped as RRRR, GGGG BBBB, AAAA). Then different operations

can be applied to each conponent at full speed (it is conmmon for alpha to
9 o Filed aftgR) - I f you imagine the four pixels as a

four by f

. - ) gelnie

processi ng negds.themin colunmms,and, to get..into thig fo t requires

t r ansposi ng tﬁg §e8€].a R?TBL’ Snplegientation, émgopr?ﬁve!ag aﬁgnﬁé@nsbbgﬁlsneeds to
be rever i hE 6@ rfifel {s€uSedP RS &Ip GRthint ' for 8 or
16 bit p\s}g@ée.melq‘tatﬁ%ng?gg{%ﬁe ies slg bits theg(?gg? sterlns@?n??eﬁfe ted as
bei ng i n ehanet axichdlie atgenesme A56i registenk ench32ekmtsawideniThg regislereaiest er s
hold a 2x2 array of data. If the data type is 8 bits then four registers
are assurReghaps meyedmportant t&rqvﬁfﬂ?]oﬁystfgl H.#W%mt;‘ﬁﬁ{}ﬁé besanse is¥ause t he

G 1 or eniCople) i, FRSEpi4R 9 " o RERSHD oL iU o ¥ BEEBER ° OV
addr ess Spifofhahdterdiativestot datal bandwidthi. €Dhies fegistert filebgant b ke Beshugeist be in
sequential registers and nust be aligned to the nunber of registers that

will be tabsorbs@seumber of FIFQsntbpowouldonormatly b needed 46 fead hatAlddmdlly access
for 24 bit ¢ onents. Jf datg is,stored byte-planar wth four bytes of
cach. comTREI Sitopisterahiy, sorhantied Sh ey, i died M Bhemaisocrept e shown
in Figur : {3 hi ' 1w se there is no
wast age Erg?lstneg:ﬂ%ﬁg?flgvr%{ﬁgér@dgkggf? # ?eﬁrl? Eﬁ‘dﬁ@é&éﬂﬁﬁ?@@?%ﬁ or nasty data
shifting. In sone algorithns it is convenient to process the conponents

i ndividually, but in others the whole pixel may be needed. Transposition
allows this byte plapar format to be converted into 32 bit pixels.

To make good use of the ALU, several data items may be packed into one
register. The ALU may work on four 8-bit items at a time, or two 16-bit items, but
the operation is always the same. This is similar to vector calculations, and when
more than one item of data is held in a register it is referred to as a parallel vector
(pvec as opposed to svec for vectors executed sequentially). Pvecs can boost

performance if it is not too expensive to get data into an appropriate format.
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The register file has, in principle, three read ports and two wite ports.
Two of the read ports are used by the ALU, as is one of the wite ports.
The remaining read and wite ports are used to get menory data in and out
of the registers. For best performance the RAM used to build the register
file should have all five ports, 13 but that will nmake it large. A
“conprom se is possible in which one read and one wite port are renoved.
Because the register file is made up of four separate RAMs for
transposition, it is possible to arrange accesses to themso that while the
ALU accesses one RAM anot her can be used for nmenory data. The vector

operations result in the registers bei accessed jn .a predjictable pattern.
The trick isAbexampleqes vsing Qdﬁ?se‘éstpr@ﬂg(gmfrh%ew’ S@GES&@’& £8¢1 ow t he
same pat n e rak : : -t use the
sane II%AIV%@MT%@ '\s{eé%\tg%itﬁgﬁ s?'&ul:' gp')?sc oﬁnﬁtﬁo@fz@t&%ﬁe&%ﬁ@gh&ﬁ%@:ﬂ@# %@Bosi ng

because {degrOlipbdTay RREGT, @GwsampngAAAwTMWffcw@F&mbﬁs tan BONt ent i on
for the register file the mam)ri/ wins and the ALU stalls (this is the cost
of not happlieg tal ¢ach qomposgnt atrfullrspeed fit éesemmon for alphadiorbecprocessedt er

| h ts. of .reqi to,f he, i t ther. It
s obvi otufeyento g REBI ot Fieine Biet ol aixeis A AHpue by JOUarRY ho and
di e . . Lt i
G 11 or enPieE{t8fsonkde Kimist el ROBAL . 1Py AR Hthe BROGISAG Heedd Broni 70070¢
scor eboacdlufishandiveer get into thikeformdi aequicese timasposingoskes pvess.i dfter

restriction that_ avoids the hardware cost. Special instructions are used to
copy dat Bracessmdiscomplets the transpaseoresds to beeeversgdster to copy from (or to)

. fied - . T o od St e e et
5 ih use anylReRRR el EBbOY fare tORraiRbbrRR 1878 SF 5 W oVl 48” cq "
directly dathitype fselmldi%tlfehﬁ%i@&?@etti@tr%ﬁt@ﬂ%b?b@fn% ihlpairs RHd tiee trhospasieiea s ed

register, while the directly accessed register is scoreboarded to ensure
correct takes placerassuhingctvet regssters hokd aa?xg restayueft data Ifdhe datdi typets 8n.
bits then four registers are assumed to hold a 4x4 array of data. Transposition is
free because the register file is made up of four separate RAMs, which gives access
to four different registers at the same time. The lower bits of the register address
select the bytes to use, so registers to be transposed must be in sequential registers
and must be aligned to the number of fegisters that will be transposed.
Transposition also allows efficient memory access for 24 bit components. If
data is stored byte-planar with four bytes of each component stored in the same 32
bit word the layout would be as shown in Figure 4. This is a useful way to store 24
bit data because there is no wastage but neither is there a difficult address
calculation or nasty data shifting. In some algorithms it is convenient to process
the components individually, but in others the whole pixel may be needed.
Transposition allows this byte planar format to be converted into 32 bit pixels.
The register file has, in principle, three read ports and two write ports. Two
of the read ports are used by the ALU, as is one of the write ports. The remaining
read and write ports are used to get memory data in and out of the registers. For

best performance the RAM used to build the register file should have all five ports,
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Details of Sanple Hardware |nplenmentation Figures 5a-5g are a set of
rel ated drawi ngs, which collectively show a sanpl e hardware inpl enmentation
and its various operational nodes. Fi gure 5a shows a sanpl e hardware
regi ster configuration, in which the register is separated into nultiple
mul ti port RAMs 510, each having multiplexers 520 connected to each of its
data | anes. Four RAMs nay be connected to support transposing. Each RAMis
32 bits wide and shows four bytew de |anes. Each RAM hol ds every fourth
entry in the register file. The dotted boxes are multiplexers that switch
between the two inputs. This hardware inplenentation permts all of the
above functional relationships to be realized. The multi pl exers can be,
for exanple, sinple by-8 circuits having two states, selected by a single

control B¢ thaPRill RdkeiiPleg&rA poﬂi?ﬂﬁﬁis_@%‘béé%lbl@iﬁ whichoRerea@tand fore exanpl e,
by appropriate configuration instructions. Fi gures 5b-5g show different

st at es ofwrdppemaieoemoived.hi s register. In these diagrams, only the active

i nputs to active tiplexets.520 . are own. i gure 5b shows the
Fouti ng. necadseopte e kSRS iSMAISHS of L Sepaats AN T ratRBSHERE. | n° i s
sanpl e i pk pERHIA %an%e acces5ésatd then? So MR WhileQhd ALY 4QkssREghERAM W T hout
transpose, in this sanple inplenentation. Fi gure 5d shows the routing
needed f anotherecahi besused fobinemooy data. Theykecttsi eperattons pestdt intthe rdgistens byt e of

each RAM i s connected to a djfferent byte Jane, in this sanpl.e
i npl erre%ﬁ‘t“gcﬁ?.cesse n FiRjﬁFﬁ@a RSt khRdTIC g £ grTRRge ﬁé‘dg{féﬂﬂﬁl 582 bits of

an ei ght gol iy drh Y SHREESRes folloWihe sSREaRetn B CEBRSH GetAidns, but staggered
so that they don’t use the same RAM at the same time. This is not always possible
when transposing because the ALU may need access to all four RAMs. When there
is contention for the register file the memory wins and the ALU stalls (this is the

cost of not having all 5 ports).

ndir e

Indirect register access allows the contents of one register to form the index
to another. It is obviously useful for histograms, but also for FFT data shuffling
and median filtering. It is difficult to implement because all PEs may access
different registers, which breaks the SIMD model and requires additional
scoreboarding hardware.

The media processor imposes a slight restriction that avoids the hardware _
cost. Special instructions are used to copy data from one register to another; the
reg{ster to copy from (or to) is specified in another register. The restriction is that
while indirection is in use any register that may be indirectly accessed must not be
used directly. This removes the need to scoreboard the indirectly accessed register,

while the directly accessed register is scoreboarded to ensure correct operation.

The cost is an extra instruction per indirection.
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Figure 5f shows the routing for address O with a 16-bit transpose, in this
sanpl e i npl ement ati on. Fi gure 5g shows routing for address 1 with a
16-bit transpose, in this sanple inplenentation. Thi s hardware

i mpl enent ation can of course be varied, but this shows how an extrenely
versatile set of output reordering options can be achieved by nultipl exing,
W THOUT unnecessary register-to-register transfers (which consune power).
Addi tional detail of the preferred inplenmentation is shown in U S.
application nunber 11/536,483, which is hereby incorporated by reference in
its entirety. This inplenentation is an advantageous context for the

di scl osed inventions, but it should be enphasized that the I/0 architecture
described in the present application can also be used in many ot her

cont ext Syyaea i€ GF i“[.'l Iet ?‘dWiﬁ%l lﬁkﬁﬁﬁi(m i nnovative enbodi nents, there
IS provi %ﬁh‘oﬁ'ﬂ&ﬁ%ﬂmng data accessed in a

regi ster, conprisi the actionsg of: storing data in n nenory segnents,
each havi ng ‘@Hf%ggéﬁe%reaﬁ 5?‘?1@6@?19& f oW?“&ha&%F@Yaﬁoy’ &onnecti ng
each of a@axﬂ@‘:ﬁa%@ﬁlg{. B statich hd iRSRFOhS Yertimalhoddl d N2 data | anes;

wher eby sired datd transposition is provided at the tine of register
access w t holRigureghs shows a-sapple hardwarea negistersconfigurationgc or shinh the a

di scl osed cl ass of innovative enbaodi ts, there |j rovided: An electronic
system EGBREFT; 18 SpRATaty F%@iWIHWt@&SHg$Mé§B , a‘?bina%grlgaﬂgké?r?‘ conpri si ng
mul ti pl e s5% BNt cRE WERhSFER Wt Ml NGodr RAMRSHAY ¥EcoinREed ?J‘sn%?oﬁ data set,

said data set being distributed across said sedgnents in a consistent
pat t er n, transposiaghEschi BAMne3Y bsgwidetandrshoivdifogr bytewidel lanésandSachf dat a

e LB ol Bk B0, T oSSR 72 ST DL
MENDry Segiipkxers that switch between the two inputs. This hardware implementation
permits all of the above functional relationships to be realized.

The multiplexers can be, for example, simple by-8 circuits having two states,
selected by a single control bit (per multiplexer). These control bits can be set, for
example, by appropriate configuration instructions. ’

Figures 5b-5g show different states of operation of this register. In these

_ diagraxﬁs, only the active inputs to active multiplexefs 520 are shown.

Figure 5b shows the routing needed for a.32-bit word at address 0 without
transpose, in this sample implementation.

Figure Sc shows routing for address 1 without transpose, in this sample
implementation. |

Figure 5d shows the routing needed for the first 32 bits of an eight bit
transpose; the lower byte of each RAM is connected to a different byte lane, in this
sample implementation.

Figure Se shows the routing for the second 32 bits of an eight bit transpose,
in this sample implementation.

Figure Sf shows the routing for address 0 with a 16-bit transpose, in this

sample implementation.
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Modi fi cations and Variations As will be recogni zed by those skilled
inthe art, the innovative -concepts described in the present application
can be nodified and varied over a tremendous range of applications, and
accordingly the scope of patented subject matter is not limted by any of
the specific exenplary teachings given. For exanple, the multiple
access nodes provided by the disclosed enbodi nents are particul arly useful
for graphics and i mage processing, they can al so be especially useful for
data which has internal 3-1) or 4-D structure (e.g. a tine series of voxe
imges). In such cases the capability for custom zed data transpositions
can help with filtering and transformations. For anot her exanple, a
flexible regis L : i : i :

transpositi onsﬁg[elggrggglg@k%ﬁ%%,k%ﬂn / o%gge%ntlﬁrgrpqﬁe@rg{rrl?@g%?th} E)Hri:ga dnﬂﬂe

t ransposi tijplemenestiones t hose i sted. For anot her exanple, the disclosed
har dwar e i npl enent ati on uses byte-wi de "l anes", but alternatively and | ess
preferably a different fineness can be used. If fast nibble transpositions

are desired, ul .l nste f . \M : gmﬁ§ i At ead of
four on each %ﬁ?@\ﬁ%ﬂﬁ?&#ﬁ%&d&@ﬁ %(sj‘fog%%f t?#]{,%él?l’ 59‘\&% osiAgév\gr, t hat
the nunbernobxwamélyPvasaile Wweubfd oftpatirmeptdering bptichs\edne bdoachieved by For
anot her alternative and | ess preferable exanple, nore |ogic can be added

into the multiplexinger SVITHQES r uehecessary nagasierato-tepistary | trangfess e(whighn be
gi ven additional states wherein the 8-bit output is not only connected to a
sel ect ed i“YPSHME BOWHBne), but wherein the bits of the input can be
pennut ed, pairw se exchanged, conpl enented, ANDed, etc. Additional control
bits would preferably be routed to the nmultiplexers in such cases.
None of the deadditiohabondetail tdfe thpr gweferredpphpleatentationhdsul shobva neatd.Ss
i nplying that any particular elenment, step, or function is an essenti al
el ement wiapplicatips nyymber 11/536,483, which is hereby incorporated by reference in its
entirety. This implementation is an advantageous context for the disclosed
inventions, but it should be emphasized that the /O architecture described in the

present application can also be used in many other contexts.

According to a disclosed class of innovative embodiments, there is provided: A
method of selectably transposing data accessed in a register, cbmprising the actions
of: storing data in n memory segments, each having n data lanes at the output
thereof: and selectably connecting each of n data bus segments to a respective one
of said n? data lanes; whereby a desired data transposition is provided at the time of

register access without register-to-register transfers.

According to a disclosed class of innovative embodiments, there is provided:
An electronic system, comprising: a logic unit, and at least one I/O register,
comprising multiple memory segments each holding a respective fraction of a data
set, said data set being distributed écross said segments in a consistent pattern, and

each said memory segment providing multiple lanes of data path; and multiple

16



Lo bt et n en e o

i ncluded in the claimscope: THE SCOPE OF PATENTED SUBJECT MATTER IS

DEFI NED ONLY BY THE ALLOWED CLAI M5. Moreover, none of these clains arc
i.ntended to invoke paragraph six of 35 USC section 112 unl ess the exact
words "nmeans for" are followed by a participle. - The clains as filed are
intended to be as conprehensive as possible, and NO subject matter is
i'ntentionally relinquished, dedicated, or abandoned. CLAIMS What is
claimed is: 1. A nethod of selectably transposing data accessed in a
register, conprising the actions.of: storing data in n nenory segnents,
each having n data | anes at the output thereof; and selectably connecting
each of n data bus segnents.to a respective one of said n2 data | anes;

wher eby BIUHERIFXETS Eaaha COMEGoL COBRECE 2 FRSPEPINS] OUPUE thuist Segmest tPed)i st er
access MetngéHverd%% S&tﬁ Bf%%&e%héé She bf & BFern?dry segments.
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2. The nmethod of Caim1l, wherein each said data |ane carries 8 bits of
data.” 3. The nethod of Claim1, wherein said selectably connecting step is
performed by activating only n of a total of n2 multiplexers. 4. The net hod
of Claiml, wherein n=4. 5. A nethod of viewing data within a register
file, conprising the steps of: enabling a transpose function with respect
to a selected register; and nodifying a view of the selected register, as
seen by an external access, such that data in the selected register is
replaced with data froma plurality of consecutive registers. 6. The nethod
of Caimb5, wherein said nodifying step effectively rotates the apparent
orientation of data in said selected register. 7. The nethod of C aimS5,

vvh_érei n sHodifidationyiafid Ve#tids ectively applies bytew se transposition to
said view As will be recognized by those skilled in the art, the innovative ‘concepts
described in the present application can be modificd and varied over a tremendous
range of applications, and accordingly the scope of patented subject matter 1s not
limited by any of the specific exemplary teachings given.

For example, the multiple access modes provided by the disclosed
embodiments are particularly useful for graphics and image processing, they can
also be especially useful for data which has internal 3-D or 4-D structure (e.g. a
time series of voxel images). In such cases the capability for customized data
transpositions can help with filtering and transformations.

For another example, a flexible register can optionally implement some but
not all of the transpositions described above, and/or can implement additional
transpositions besides those listed.

For another example, the disclosed hardware implementation uses byte-wide
“lanes™, but alternatively and less preferably a different fineness can be used. If
fast nibble transpositions are desired, 8 RAMSs could be used instead of four, with 8
lanes instead of four on each RAM, and 8 output busses instead of four. Note,
however, that the number of multiplexers would quadruple if this were done.

For another alternative and less preferable example, more logic can be added
into the multiplexers if desired. For instance, the multiplexers can be given
additional states wherein the 8-bit output is not only connected to a selected input
(or none), but wherein the bits of the input can be permuted, pairwise exchanged,
complemented, ANDed, etc. Additional control bits would preferably be routed to

the multiplexers in such cases.

None of the description in the present application should be read as implying

that any particular element, step, or function is an essential element which must be
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8. The nmethod of Caimb5, wherein said nodifying step effectively applies
wor dwi se transposition to said view 9. A method of viewing data within a
register file, conprising the steps of: identifying a first source byte in
a register; copying data fromthe first source byte into a first
destination byte of the register; identifying a second source byte in the
regi ster; and copying data fromthe second source byte into a second
destination byte of the register. 10. An electronic system conprising: a
logic unit; and at |east one 1/0 register, conprising nultiple nenory
segnents each holding a respective fraction of a data set, said data set

- being distributed across said segnents in a consistent pattern, and each
sai d nenory segnent prOV|d|ng nultlple | anes of data path; and

included in the claim scope: THE SCOPE OF PATENTED SUBJECT MATTER
IS DEFINED ONLY BY THE ALLOWED CLAIMS. Moreover, none of these
claims arc intended to invoke paragraph six of 35 USC scction 112 unless the cxact
words "means for” are followed by a participle. '

The claims as filed are intended to be as comprehensive as possible, and NO

subject matter is intentionally relinquished, dedicated, or abandoned.
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mul tiple nultiplexers, each connected to connect a respective output bus
segnent to a respectlve data path of a respectlve one of said nenory
segment s.

‘ CLAIMS
What is claimed is:
1. A method of selectably transposing data accessed in a register, comprising the
actions of:
storing data in n memory segments, each having n data lanes at the output
thereof, and
selectably connecting each of n data bus segments to a respective one of said n’
data lanes;
whereby a desired data transposition is provided at the time of register access

without register-to-register transfers.
2. The method of Claim 1, wherein each said data lane carries 8 bits of data.

3. The method of Claim 1, wherein said selectably connecting step is performed by

activating only n of a total of n®> multiplexers.

4. The method of Claim 1, wherein n=4.

5. A method of viewing data within a register file, comprising the steps of:
enabling a transpose function with respect to a selected register; and
modifying a view of the selected register, as seen by an external access, such

that data in the selected register is replaced with data from a plurality of

consecutive registers.

6. The method of Claim 5, wherein said modifying step effectively rotates the

apparent orientation of data in said selected register.

7. The method of Claim 5, wherein said modifying step effectively applies

bytewise transposition to said view.

20



8. The method of Claim 5, wherein said modifying step effectively applies

wordwise transposition to said view.

9. A method of viewing data within a register file, comprising the steps of:
identifying a first source byte in a register;
copying data from the first source byte into a first destination byte of the
register;
identifying a second source byte in the register; and
copying data from the second source byte into a second destination byte of the

register. -

10. An electronic system, comprising:
a logic unit; and
at least one I/O register, comprising
multiple memory segments ea_ch holding a respective fraction of a data set,
said data set being distributed across said segments in a consistent
pattern, and each said memory segment providing multiple lanes of
data path; and
multiple multiplexers, each connected to connect a respective output bus
segment to a respective data path of a respective one of said memory

segments.
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